A broad framework for the assessment of the economic impact of animal diseases and control of these diseases is described. Various levels of analysis are discussed, from the herd, to the household, the sector, the nation and the region.
Introduction
Crop diseases have had a profound and well-recognised influence on human welfare and migration patterns throughout history, and the social and economic importance of these diseases has been relatively well documented (3) . In contrast, the economic implications of animal diseases have received comparatively less attention, to the point where a recent presidential address to the Agricultural Economics Society of the United Kingdom (UK) urged that more work be done in applying 'old economics' to the 'new problem' of livestock disease (50) . That livestock disease has still not been thoroughly explored within the analytical framework of production economics seems extraordinary. Part of the reason may be that while animal diseases have direct impacts, the more subtle implications of these diseases must also be considered (57) The distinction between production and productivity in such work is crucial, production being the overall level of output, and productivity indicating the return from the important limiting resource of the system. The limiting resource is not necessarily the same in all systems, and even in one system, may change over time.
Farmers keep livestock as a means of transforming resources into a wide range of outputs such as milk, meat, traction power, dung (for fertiliser, fuel or buildings), hides, wool, fibre and animals. These outputs may be used for home consumption or sold. In many societies, the ownership of livestock is important in terms of social status, and in countries with chronic inflation problems, livestock are one of the few relatively safe investment options. Where owners have a social objective to increase the number of animals owned (and thus increase wealth), the output can be viewed as a process of reinvestment. At the agricultural sector or national level, it is the interests of society that livestock provide food in the most efficient manner. This system needs to be balanced against the possibility of being able to import similar products at competitive prices. The simple model shown in Figure 1 can be applied at both farm and sector/national levels.
Table I
Productivity (MJ gross energy) of Boran cattle raised using two systems (17) Fig. 1 
Simple model of a livestock system
The efficiency of the conversion of inputs into outputs is commonly referred to as productivity. This term can be applied to animals, individual farm enterprises, production systems or entire industries. In this paper, efficiency is defined as the rate of output divided by the rate of input. Because a livestock production system uses many different kinds of input (e.g. feed, labour, medicines) and produces several kinds of output (e.g. milk, meat, traction, manure) a common unit of productivity would be desirable. In commercial livestock systems this unit is usually the economic value of each type of input and output expressed in monetary units.
Thus the productivity of a livestock production system could be defined as follows: Productivity = Total value of outputs per unit of time Total value of inputs per unit of time However, it must be stressed that the transformation process involves real resources and real products and that a money value expresses the possession of, or ability to acquire, diverse real resources and commodities (37) . For livestock systems that are only partially, or not at all integrated into a monetary economy, the above measure of productivity may be of little value and another measure must be sought. The numerator, or output value, should reflect the objectives of the producer, and the denominator, or input value, should reflect the most limiting constraint(s). It would thus be totally misleading to measure the 'productivity' of a pastoral system, where milk is more highly valued than meat, and labour is not the most limiting constraint, in terms of meat offtake per person employed (84) . Table I compares pastoralism with ranching, using two different productivity measures (17) .
Productivity measure Pastoralism Ranching
Production/hectare 148 94
Production/man-day 84 136 Where sufficient labour is available to operate a pastoral system and land is the most limiting resource, output per person and per day would not be an appropriate measure of production efficiency, while in a situation where labour is limiting, output per hectare would be misleading. This example also provides an illustration of the dilemma between meeting needs at the farm level and meeting those at the national level. At the farm level, the pastoral unit is obviously interested in producing sufficient food to feed and clothe a family. The system that has evolved over time is successful in achieving this objective. However, at the national level there are demands for meat in urban centres, and the pastoral system is relatively poor at supplying this demand in comparison with ranching systems. Such conflicts of interest require an understanding of the constraints at different levels to understand why livestock farmers and policy makers react in certain ways.
The effect of animal diseases in a given production system is to reduce the efficiency with which inputs are converted into outputs -i.e. decrease productivity. This effect can result either by decreasing the value of outputs for a given level of inputs or by requiring a higher level of inputs to achieve a given level of output, or both. There are various mechanisms by which disease affects animal productivity. The direct reduction in productivity caused by disease can result in losses that are clearly visible to the farmer. These losses may include the following:
a) the death of affected animals due to diseases such as anthrax or blackleg b) lower milk yield caused by clinical mastitis c) reduced live weight gain due to parasitosis d) reduced capacity for work due to foot infections e) inferior product quality such as damaged hides due to high tick burdens.
However, there may also be invisible losses such as unrealised production potential. For example, decreased levels of fertility result in 'calves not born', which in turn alters the herd structure. In some cases a disease causes indirect losses.
Where herd structure is modified, the capacity of the farmer to maintain and improve the herd through selection is limited.
Diseases may also incur additional costs to avoid or diminish incidence (e.g. vaccination and quarantine) or to treat cases.
In some situations, farmers and livestock sectors are denied access to (better) markets because of the presence of disease.
Finally, some diseases may force the adoption of production methods which do not allow the full exploitation of the available resources, such as the use of trypanotolerant cattle of low milk production potential. Figure 2 provides a summary of the impact of disease (77) .
The total cost (C) of a disease is thus the sum of the production losses (L), both direct and indirect, and the control expenditures (E):
The cost of a particular disease will vary between production systems. Foot and mouth disease (FMD), for example, will cause higher production losses in dairy herds than in beef herds, but within a given production system an inverse relationship will exist between production losses and control expenditure. This implies that the higher the treatment and prevention expenditure, the lower the losses. In most cases, this relationship between losses and expenditure will be non-linear, reflecting the non-linear nature of the classical production function.
In addition to economic impact, diseases can affect animal welfare and in turn can have a profound impact on human welfare. In the mixed crop/livestock farming systems of the tropics and subtropics, interactions between livestock and other components of the agricultural and communal system are often highly complex and, in the absence of in-depth understanding, difficult to quantify objectively. A good example of this complexity can be seen in the extensive study of the introduction of trypanosomosis in an area of smallholder fanning systems in south-western Ethiopia (71).
Trypanosomosis is transmitted by the blood-sucking tsetse fly and causes morbidity and mortality in both humans and livestock. The livestock disease is spread over 10 million km 2 of Africa (38) . Figure 3 shows that the impact of an animal disease can go beyond the reduction of livestock productivity to impact on human health and welfare. Fortunately, it appears that the processes in Figure 3 3 Effects of the invasion of trypanosomosis on human welfare: perceptions of farmers in the Ghibe Valley of Ethiopia (71) Recent evidence suggests that these pathways are reversible, i.e. decreases in trypanosomosis brought about by tsetse control (the use of pour-on insecticides in this case) are translating into improvements in human health, reduced human mortality and increased human in-migration control, then the analyst has to consider the level of the analysis, and from whose point of view the analysis is to be carried out. Once a level and the target group have been identified, an appropriate method of analysis has to be selected, often together with a method of classifying the systems under study. In choosing a method of analysis, a compromise will often have to be made between a method that is sufficiently thorough to represent the livestock system and the disease, and one that produces results that the target group will understand and be able to utilise. The method of analysis and the classification system employed will then determine data requirements. The various steps that have to be addressed are illustrated in Figure 4 . The remainder of this paper attempts to answer the questions posed within the framework, with the exception of
The need for economic impact assessment of animal diseases is clear, as is the need to include the environmental and social implications of change. Below, a conceptually simple framework for studying animal disease control is discussed, particularly with respect to the type of information that may be required at different levels in the system hierarchy. Possible methods for generating some of this information are then outlined, with an indication of their data requirements and analytical complexity; first, at the farm and household levels, and then at the higher levels of country and region. To conclude, a summary of the state of the art is presented, outlining some problems, and offering the views of the authors regarding useful avenues for further research in order to expand the horizons of economic impact assessment related to animal diseases and control.
A framework for economic impact assessment of animal diseases and control Methods at the herd and farm household levels
Herd level

Gross margin analysis and enterprise budgets
Gross margin analysis is used to evaluate the economic viability of an enterprise. This analysis is based on actual records and because fixed costs (defined below) are ignored, the problem of assigning these costs to enterprises is avoided.
The result from a gross margin analysis is commonly expressed as output per standard unit. The standard unit is usually hectares, acres or livestock units.
The gross margin is defined as the enterprise output less the variable costs attributable to the enterprise:
gross margin = output -variable costs.
The enterprise output should include livestock and livestock product sales and purchases in addition to the change in the value of the herd or flock over time. An example of the latter component is given in Table II In terms of the applicability of gross margin and enterprise budget data to animal disease impact assessment, high-quality gross margin and enterprise budget data provide the baseline productivity information for a system that enables much further analysis. 
Break-even analysis
One of the problems in using gross margin and enterprise budget analysis is the fixed nature of the prices and the outputs. This restriction can be overcome by using break-even analysis. Break-even analysis searches for the price or the yield that will return a zero gross margin or enterprise budget. The break-even price is useful if some doubt exists about the variation in the price of an output or input. Where the break-even price is below the lowest possible value of an output, the enterprise can be assumed to be relatively robust.
Likewise, where the break-even price of an input is above the highest possible value of the input, then the enterprise is robust. 
Variable costs
Feed -- A break-even analysis comprises the following two steps: the identification of the important inputs and outputs that affect enterprise profitability; and the determination of the break-even points for prices and quantities. Examination of combinations of prices and quantities may also be useful.
Analysis of these problems using a spreadsheet package such as Microsoft Excel® makes this process relatively easy. Once a gross margin or enterprise budget model has been constructed, 'solver' functions can be used to identify break-even points.
In the example shown in Table III Partial budgets are concerned with four basic items (Table IV) a) the soil, climate and other physical and biological factors are conducive to the proper growth of the livestock b) the change made in the system will not place undue strain on the existing organisation.
A partial budget for a change in a FMD vaccination strategy for an extensive beef system is shown in Table V . This analysis is based on income from the herd following a disease outbreak and takes no account of the possibility that herd output with no vaccination may improve over time.
In summary, partial budgets assess the areas of an enterprise that are affected by the change being considered, and thus can only be used to consider changes that can be isolated from the rest of the enterprise. These budgets are based on expected values and do not incorporate uncertainty or risk. Partial budgets are appropriate for analysis of endemic diseases or for retrospective analysis of disease outbreaks. Partial budgets compare enterprises in a steady state, and ignore the time taken to reach that steady state. The time value of money is thus assumed to be zero, and this shortcoming can only be resolved by introducing discounting methods, which are discussed in the section on investment appraisal below.
Decision analysis
In contrast to endemic diseases, some diseases are of sporadic or epidemic occurrence, so that the actual incidence of the disease on a particular farm cannot be predicted. If the probability of the occurrence of the disease or of the outcomes of events need to be considered, then some form of decision analysis is more appropriate than a partial budget for deciding on the best course of action. Decision analysis is a method of describing complex economic problems in an explicit fashion, identifying the available courses of action, assessing the value and probability of all possible outcomes, and then making a simple calculation to estimate the value of each possible course of action. There are three principal elements to be considered in decision analysis, as follows: a) the events over which the decision maker has control (alternatives) b) the probability of the occurrence of chance events c) the value of various outcomes (normally expressed in monetary terms).
Multiplying the value of an outcome, such as the death of an animal, by the probability of occurrence, yields the expected value of the outcome.
Decision analysis involves the construction of pay-off tables or decision trees. Table VI shows p : probability of the programme-outcome combination branches for chance events have probability values. The net benefit of each path through the tree is identified at the terminal branch. Figure 6 shows the pay-off table in Table VI in the form of a decision tree. The tree is 'solved' by 'averaging out' and 'folding back'. Starting at the terminal decision node and moving towards the left of the tree, expected values are calculated for each decision (averaging out), and the most profitable decision is identified.
The estimates of all the values required in an economic decision are rarely precise and it is therefore common practice to evaluate the effect of changes in some of the estimates on the expected values. This process is called sensitivity analysis and is performed by holding all values constant except the estimate which is of interest. The decision tree is recalculated using a number of different estimates to see if the final decision would change. In some cases, small changes in a probability or outcome value will alter the final decision, while in other cases large changes will have no effect. However, the general technique ignores the time value of money. For some analyses a combination of investment appraisal (discussed below) and decision analysis is useful where the frequency of disease outbreaks is unknown.
Outputs from the investment appraisal can be used as the outcome values.
Investment appraisal and dynamic herd models
Investment appraisal utilises the basic framework of partial budgets, i.e. identifying costs and benefits of change, but adds the concept of the time value of money. This allows the analyst to examine the impact of a change in disease over a number of years with a flow of costs and benefits. As with all forms of agricultural economics, an economic assessment is not possible without a good understanding of the biological processes underlying the economics. For this reason the following section includes a short discussion on the types of herd models available to simulate the outputs and inputs from a livestock system to be used in an investment appraisal.
For partial budgets, the following steps were outlined: a) identify all the benefits b) identify all the costs.
For investment appraisal, this list alters slightly to include the following:
a) identify all benefits and the times when these benefits occur b) identify all costs and the times when these costs occur.
The costs and the benefits of a change are then compared, but investment appraisal recognises that the value of money changes over time. For example, receiving US$100,000 now is worth more than receiving US$ 100,000 a year later because the US$100,000 could be invested. If the money was placed in a bank account with an interest rate of 10%, then one year later the account would hold US$ 110,000 and after two years, US$121,000.
Conversely, if a person is to be given a sum of money in the future rather than a sum now, it is necessary to calculate what the sum is worth in present value terms. In the example above, US$121,000 received after two years would be worth no more than US$100,000 received now, so that the present value of receiving US$121,000 two years later, is US$100,000. Converting future values into present values is known as discounting. Discounting requires knowledge of a rate known as a discount rate. The discount rate does not necessarily equate to the rate of interest offered at banks. The formula for discounting is as follows:
where:
PV is the present value
Xt is the amount of money in year t r is the rate of discount (expressed as a proportion, i.e. 10% = 0.1), and t is the number of years from the present date.
When all benefits and costs are converted to present values, comparison is possible. Comparison is commonly made using three decision-making criteria: net present value, internal rate of return, and the benefit-cost ratio.
The net present value (NPV) is the difference between the sum of the present value of the benefits and the sum of the present value of the costs. The formula to calculate the net present value is as follows:
If the NPV is negative, then investment is not worthwhile, while a positive NPV indicates only that the investment might be considered.
An alternative approach to assessing an investment is the calculation of the internal rate of return (IRR) of the investment. The IRR is the discount rate that will make the net present value equal to zero. In simpler terms, the IRR is the interest rate that will make the investment just break even. In mathematical terms it is the discount rate for which:
If the IRR exceeds the minimum acceptable discount rate or the opportunity cost of money, the project is worth further consideration.
A third criterion, the benefit-cost ratio (BCR), is calculated by dividing the sum of the present value of benefits by the sum of the present value of costs, as follows:
An investment is worth considering if the BCR is greater than 1.
Each of these three investment appraisal criteria has strengths and weaknesses (29) , and for this reason the results of an investment appraisal are commonly presented with all three measures of project worth.
Investment appraisal provides the basis for much economic impact assessment of livestock diseases and control However, it is important to recognise the difficulties of assessing costs and benefits from livestock systems. Livestock are difficult investments to appraise, because animals take a number of years to reach maturity and have the ability to reproduce.
These characteristics mean that modelling of the livestock system under study is often necessary for satisfactory impact assessments.
Performing a CBA of disease control projects requires a process similar to partial budgeting. The value of the whole livestock system is not what is of interest. Instead, the analyst examines how proposed changes in health management and treatment will affect the output of the livestock system under study. To do this, the losses incurred due to the disease must be calculated, generally either through mortality or morbidity, and in addition, the costs of control or eradication of the disease must be calculated.
Mortality
The cost of losing an animal to disease can in most cases be As an example, analysis of FMD in an extensive beef system has been presented above. Differing answers were produced, including the results that effective control of the disease would be favourable and that a high prevalence of the disease would be necessary to make control worthwhile. An investment appraisal analysis is presented in Table VII , which examines the returns of a change from single to double vaccination per year in this type of system. The analysis in Table VII control. The framework of investment appraisal is the basis of CBA, which is discussed below with reference to analysis at the sectoral, national and regional levels. A weakness of investment appraisal for investigating the impact of animal diseases is the lack of a component that can consider the probability of an event occurring. As disease outbreaks are random events, this failing has to be addressed using other methodologies, which are discussed below.
Farm/household level
Farm management analysis techniques may be divided into two basic categories: optimisation and simulation.
Optimisation techniques identify a solution to a problem within a farming system that is optimal with respect to a set objective. Simulation methods use a combination of decision structures to determine how a plan will proceed. These approaches are briefly discussed below, together with an outline of (economic) household models.
Optimisation approaches
Construction of an optimisation model requires the specification of a resource and activity matrix, which includes all possible activities and the constraints on resource use and production. The matrix is solved according to an objective function, which should reflect the priorities of the manager of the farming system. Early models relied on the assumption that farm families were profit maximisers, or some other simple objective, and that the activity inputs and outputs were certain and had non-integer output. The simple objective functions proved unsatisfactory as a representation of farm family priorities (20, 91) and in some cases can lead to conclusions that are impractical to apply to the actual farming system (45).
Other factors may need to be embedded in the objective function, such as the need to guarantee certain levels of home-grown food grains, social status in the community, and dislike of the drudgery of labour. A list of priorities might be proposed, rather than a single goal (74) . This has given rise to an interest in the use of multiple objective or multiple criteria decision analysis, where an objective function can include more than one goal and the list can be satisfied in some chosen order (75) . McGregor et al. discuss the use of this approach for guiding decision-making in grazing systems (48) . Whilst this may provide a better method of representing the decision-making unit, it requires careful data collection to determine the objective function.
Zuckerman also found problems with the type of output generated by optimisation models in terms of non-integer In summary, the identification of an 'optimal' solution, and also the availability of shadow prices as outputs from optimisation models, make them an attractive structure with which to analyse a production process. These models essentially replace the need for a decision maker, and in some instances are used to assess how a general decision maker will react to a change in an environment. Optimisation models are, therefore, of interest to analysts carrying out impact assessment of diseases and disease control at sector and national levels.
Constructing and interpreting optimisation models is intellectually stimulating and requires considerable skill.
However, when applied to farming systems, optimisation techniques suffer a number of problems. These are as follows:
a) Optimisation models require the specification of an objective function and constraints, which in turn require either data collection and analysis or trial-and-error to produce an objective function that can adequately mimic the original system.
b)
Given that an objective function can be defined, the subsequent use of an optimisation model as a predictive tool has an underlying assumption that the objective function will remain unchanged over time. Evidence of the evolution of farming systems suggests that objective functions are not always (perhaps rarely) static.
c) The structure of an optimisation model does not allow easy adaptation to different farming systems.
d) The complexity of optimisation, and the basic idea that an optimisation model produces an 'optimal' solution, restricts and confines willingness to question model output. This problem is experienced with highly-qualified researchers (45) as well as with farmers.
e) The provision of an optimal solution discourages the discussion of results between researchers and the people whose systems the researchers are trying to model.
f) The assumption that an optimal solution can be found implies that all relevant data are available. This raises the question of whether the search for these data is optimal or even appropriate.
Simulation techniques
Simulation models constitute a class of symbolic models, which are abstract representations of particular facets of reality that are built for specific purposes. Examples include:
conceptual models such as that in Figure 3 and is essentially mathematical; complete flexibility is allowed as to the underlying structure; a good simulation model operates upon input data to produce output data by mimicking particular processes and parts of reality that are of interest to the analyst. They are built essentially for prediction, and this predictive ability can be used for many purposes.
Generally, a simulation model may be appropriate where the system under study: a) cannot be solved or investigated by optimisation methods b) involves highly dynamic relationships possibly over many time periods c) contains many subsystems that cannot easily be controlled and studied simultaneously d) cannot be subjected to experimentation (83) .
Simulation model building can be very expensive and time-consuming, and data shortages may mean that simplifying assumptions have to be made which seriously compromise the integrity and validity of the model. Recent developments in computer software, however, mean that powerful platforms (e.g. Stella® [34] ) are now available for constructing dynamic simulation models relatively quickly. A considerable number of simulation models are also available 'off-the-shelf that can be used for particular purposes, sometimes with minimal modification.
Some well-known herd simulation models were mentioned in the investment appraisal section with reference to herd modelling techniques, however, more complex systems models also exist. Jarvis used a simulation model to obtain a suitable age of sale for cattle systems in Argentina and Africa (40, 41) . The model selects the optimal age at sale by identifying the point at which the increase in animal value equals the rate of interest. Ariza-Nino and Shapiro (4) 
Household modelling techniques
The differences between complex farm management modelling techniques and household modelling techniques are, in some instances, not great. One component that sets household modelling apart is the recognition of the value of household time in any production or consumption activity.
Many farm household models draw on the farm household theory of Chayanov and on 'new home economics' (24) . The latter subject originates from a paper by Becker on time allocation within the househofd (7). Nakajima introduced the notion of the farm household as an economic unit into economic theory (60) . The farm household can be represented as three interacting sub-systems: 'the farm-firm, the labourer's household and the household consumer'.
Household models have been developed and used for a number of mixed farming systems around the world (6, 13, 19, 35, 46) . However, the authors are not aware of any such in isolation to assess the economic impact of disease, but a combination will often provide useful insights to the incentives at the farm level for controlling livestock disease. A point to be stressed is that all these methods are dependent on the quality of data employed for the analysis. Where problems exist with data availability, an analysis will only provide guidelines to target key data that need to be collected for more comprehensive impact assessments.
Methods at the sector, national and international levels
The effectiveness of economic impact assessment at higher levels in the system hierarchy depends heavily on appropriate 
Cost-benefit analysis
Cost-benefit analysis is one of the most common methods of project appraisal (89) . In the strict sense of the term, as used by Dasgupta and Pearce (18), for instance, the province of CBA is defined as projects or activities that involve public expenditure, because what is being valued are the costs and benefits to society. Determining the advantages and disadvantages of particular choices is the basis of all impact assessment, and has enormous intuitive appeal. However, as noted above, the definition of costs and benefits is not always straightforward. For societal impact assessment, which is the aim of CBA, the same problem exists. Cost-benefit analysis is a framework that attempts to incorporate the costs and benefits that arise from particular choices, these costs and benefits can be economic, environmental, biological and medical.
However, serious problems arise in attempting to value environmental and medical impacts; the effects may not be obvious; quantification may be difficult; and valuation in economic terms may pose immense problems.
Despite this, CBA in the strict sense, can combine rigour and comprehensiveness in a way that few other frameworks can match (89); at least the framework forces the analyst to consider very seriously the major impacts of what is proposed.
The basis of CBA is social welfare, but the outputs include similar criteria to those of investment appraisal. The term CBA is now often used to denote any analysis involving a comparison of the costs of some change with the benefits that accrue, whether performed at the societal level involving the use of public funds or not. In addition, Alston et al. (1) argue that when CBA is used to assess research benefits in a partial equilibrium framework, then the analysis constitutes a special case of the economic surplus method outlined below.
Dijkhuizen et al. note that if the subject is long-term disease control programmes at the regional or national levels, then CBA is typically the analytical structure of choice (22) . In general, this involves estimating streams of costs and benefits associated with a particular control programme (for example) which are then discounted using the methods described above in the investment appraisal section. The discount rate to use in CBA is often a source of considerable uncertainty, but for practical purposes the real rate of interest is sometimes used (the difference between the prevailing rate of inflation and the current interest rate on saved money, for example).
Cost-benefit analyses are typically carried out to compare and contrast different strategies (disease control programmes, for example), and the outputs of such analyses include a set of investment criteria introduced above, such as the NPV, IRR, and the BCR. An example is shown in Table VIII , which details projected future costs and benefits for development and implementation of a vaccine against ECF in sub-Saharan Africa (43) . Table VIII shows the maximum benefits possible (from Mukhebi et al. [59] ). These benefits are then multiplied by an estimated adoption rate, the probability of success of the vaccine being developed, and a depreciation factor that arises from the fact that even a yet-to-be developed vaccine will not maintain its effectiveness over thirty years, to obtain the adjusted benefits. The total costs of the research programme, which is assumed to end in 2001, are subtracted from these adjusted benefits to provide a stream of discounted net benefits stretching to the year 2025. The NPV of this benefit stream is US$160 million, the IRR is approximately 31%, and the BCR is 15:1.
Various examples exist of the application of CBA (in the strict
sense, or what Bennett [8] terms 'social CBA') to animal health problems (25, 68) . The data requirements of social CBA are very heavy, the final analyses may be very sensitive to small changes in assumptions (discount rates, adoption rates, etc.), and some of the costs and benefits may be extremely difficult (and contentious) to value appropriately.
The term CBA is currently widely used to include studies that consider individual and societal costs and benefits. In this broad sense, CBA often involves fairly simple frameworks that compare costs and benefits not necessarily over the long term, and is fairly widely used in animal disease control problems.
For example, Bennett et al. use a standard methodology to study the economic importance of non-notifiable diseases of Environmental impacts have to be valued and brought into the equation, for without these, the indicators of economic performance and sustainable development that are generated will be seriously incomplete and probably fatally flawed.
No-one contends that the economic valuation of environmental impacts is easy, and some would define certain environmental factors to be inherently non-quantifiable, such as beauty and life itself. However, techniques do exist for valuing such apparent imponderables, and the consideration of such factors, even very imperfectly, is surely preferable to ignoring them altogether. Winpenny has reviewed common estimators of environmental effects, such as the effect on production approach, contingent valuation, travel costs methods, and the human capital approach (89) . He notes that the amount of space devoted to these respective methods in the literature is sharply at odds with the extent to which the methods have actually been used in the tropics and subtropics. Thus, while tools do exist with which to value environmental costs and benefits, the data requirements, especially for the more sophisticated techniques, are considerable.
Economic surplus methods
In discussing the approaches used to measure the economic The basis of the economic surplus model in a closed economy is shown in Figure 7 (this discussion is based on Alston et al.
[1]). The demand for a commodity (for example, beef) is shown as the demand curve D. The supply of beef before any change occurs is S0, and as this system is in equilibrium, the market produces Q0 tons of beef at a market price of P0. These supply and demand curves relate to a flow of the commodity per unit time. In such a system, technical change could be brought about by a wide-ranging cattle disease control strategy, for example, that reduces production costs for farmers and generates the production of more beef per unit of input cost than before the change. In this situation, the supply curve shifts downwards to S1 and a new equilibrium is (instantaneously) created that provides a quantity Ql of beef to the market that is purchased by consumers at price P1.
Consumers are in a better position than before, because the price of beef has dropped from P0 to P1. Farmers may be better off; the unit production costs have decreased because of the change, the price they receive from the market has decreased, but the quantity farmers are selling has increased.
The total benefit arising from the shifting of the supply curve from S0 to S1 is equal to the area shaded in the top part of The basic model has been extended in numerous ways.
Non-linear supply and demand curves, non-parallel shifts in the supply curve (pivotal shifts, for example), multiple markets for a single commodity, multiple commodities, shifts in the demand curve as a result of quality changes, for instance: all these adjustments and more can be incorporated within the economic surplus framework.
Various criticisms have been made of economic surplus methods from both a conceptual and a practical point of view.
Some of the conceptual problems concern the need to make value judgements and issues of policy irrelevance, although Alston et al. see few of these problems as being insurmountable (1) . From a practical point of view, perhaps the major problem of the approach is that substantial efforts are required to collect, process and analyse economic and technical data (27) . as-yet-undeveloped vaccine for trypanosomosis in Africa (44).
S: supply D: demand
Increment to production and consumption
Cost saving on original quantity
Change in consumer surplus
Change in producer surplus Fig. 7 Effect of technological change on the economic surplus, and two ways in which the total surplus may be partitioned for a parallel shift in the supply curve (A and B)
The study involved a multi-disciplinary collaborative effort to specify and integrate models examining the biophysical, economic and spatial aspects of trypanosomosis in Africa.
First, a biophysical herd simulation model, using field data from Ghibe, Ethiopia, was used to estimate the productivity of Especially for analyses in the tropics and subtropics, many of these data are difficult to obtain, in particular, productivity impacts and adoption levels. On the other hand, the framework is fairly flexible, and for impact assessments that seek to quantify the effects of animal disease control programmes or technology changes at the sectoral, national or international level, then few (if any) realistic alternatives exist to methods based on notions of economic surplus.
Mathematical programming methods
The optimisation methods outlined above with regard to the farm level have not been used widely for animal health purposes at the regional or national levels. One example is 
Simulation and systems analysis
Although modelling and systems analysis have been widely used to address many types of problems, including animal health issues at the animal, herd and farm levels, use of these methods at national or regional level is relatively uncommon. Summary of methods at the sector, national and international levels Table IX attempts a synthesis of the various tools and methods discussed above, in terms of the type of problem that each tool may be amenable to solving, data requirements, outputs, and particular strengths and weaknesses. At the national and regional levels, the major framework is clearly provided by CBA, defined loosely, often incorporating notions of In applying these models, the availability of good quality data is critical for meaningful economic impact assessment. This problem can be particularly severe in developing countries, where resources are rarely available for data collection activities. In many situations, however, models can play an important role in pinpointing variables that strongly affect system outcomes, and in this way can help to reduce the time and resources required to collect appropriate data.
An issue related to the data problem is that of how closely a (67) should be reiterated. For every disease, there is a total loss associated with the disease. The exact level of total loss is not important, however. The concept of avoidable loss, and the cost of avoiding this loss, is much more useful. In the field of crop science, de Wit was the first to view crop production as a series of production levels (see, for example, Rabbinge and van Ittersum [69] ), as follows:
a) potential production, defined by factors such as radiation, temperature, carbon dioxide, and plant characteristics b) attainable production, production being limited by water and nutrients c) actual production, production being reduced by factors such as weeds, diseases and pests.
This concept defined an entire approach to studying and modelling cropping systems that still has enormous influence. The concept can be applied to animal production, and economic impact assessment most usefully should deal with attempting to protect production levels by reducing the influence of the production-reducing factors, so that production more nearly approximates attainable productionproduction limited by water, herbage intake, etc. Economic 
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